It has been reported that many malignant human tissues, including breast, colon, and lung cancers, may show an elevated expression of glyoxalase I (GLO I). GLO I catalyzes the reaction to transform hemimercaptal, a compound formed from methylglyoxal (MG) and reduced glutathione, into S-D-lactoylglutathione, which is then converted to D-lactic acid by glyoxalase II. GLO I inhibitors are expected to be useful for inhibiting tumorigenesis through the accumulation of apoptosis-inducible MG in tumor cells. Here, we investigated the anti-proliferative activity of eight kinds of isoflavone isolated from Erythrina poeppigiana against the growth of HL-60 human leukemia cells from the viewpoint of GLO I inhibition. Of the compounds tested, the diprenyl isoflavone, isolupalbigenin, was shown to exhibit the highest anti-proliferative activity against HL-60 cells. Upon the treatment of HL-60 cells with isolupalbigenin, MG was significantly accumulated in the culture medium, and the caspase 3 activity of the cell lysate was elevated in a time-dependent manner. Thus, it is suggested that isolupalbigenin inhibits the enzyme GLO I, resulting in MG accumulation in the medium, and leading to cell apoptosis. Isolupalbigenin, with two prenyl groups in its A-and B-rings, might be expected to become a potent leading compound for the development of anticancer agents.
Glyoxalase I (EC 4. 4. 1. 5: GLO I) catalyzes the reaction to transform hemimercaptal, a compound formed from methylglyoxal (MG), and reduced glutathione, into S-D-lactoylglutathione, which is then converted to D-lactic acid by glyoxalase II (GLO II) [1, 2] . The glyoxalase system, consisting of GLO I and GLO II, is present in the cells of almost all organisms. MG, a by-product of glycolysis, is a highly reactive and cytotoxic carbonyl compound that can cause apoptosis of many kinds of cell. Elevated expression and higher enzyme activity of GLO I have been observed in many malignant human tissues, including breast [3] , colon [4] , and lung [5] cancers. In addition, GLO I induces the resistance of cancer cells to anticancer agents [6, 7] , and the elevated expression of GLO I in gastric cancer tissue has been reported to be associated with tumor progression and advanced stages of the disease [8] . Thus, GLO I inhibitors are expected to be useful for inhibiting tumorigenesis through the accumulation of apoptosis-inducible MG in tumor cells. Natural flavonoids, such as myricetin, quercetin, and luteolin, which possess a similar framework of C-4 carbonyl and C-5 hydroxy groups that mimic MG transition-state structures, are highly effective inhibitors of recombinant human GLO I (hGLO I) and exhibit anti-proliferative effects on HL-60 human leukemia cells. [9, 10] .
We previously reported that some isoflavones from Erythrina poeppigiana possessed inhibitory activity against purified recombinant hGLO I. Especially, prenylated isoflavones showed high GLO I inhibitory activity [11] . In the present study, we investigated the effect of these prenylated and other isoflavones on the growth of HL-60 cells. The IC 50 value of a compound is defined as the concentration of the compound required to reduce viability by 50% compared with the vehicle alone. Values were estimated from Figure 2 . BBGC was used as a positive control.
Chemical structures of isoflavones used in the present study, erythgianin A (1), hydroxyerythrinin C (2), erythrinin B (wighteone) (3), M-Wi-2 (4), erysubin B (5), lupiwighteone (6), laburnetin (7) and isolupalbigenin (8) , are shown in Figure 1 . We studied the effects of compounds 1-8 on the viability of HL-60 cells. A membrane-permeable GLO I inhibitor, S-pbromobenzylglutathione cyclopentyl diester (BBGC), was used as a positive control. As shown in Figure 2 , compound 8 showed the strongest anti-proliferative activity, followed by 5, 3, and 1, as measured by the MTS assay. Compounds 4, 6, and 7 exhibited weak inhibitory activities whereas compound 2 exhibited no activity on HL-60 cells even at the highest concentration of 50 µM. Table 1 summarizes the IC 50 values of these compounds estimated from Figure 1 . The IC 50 value of compound 8 was 13.4 µM, and was almost comparable with that of BBGC.
In our previous study [11] , we reported that compound 8, with two prenyl groups in A-and B-rings of an isoflavone structure, exhibited strong inhibitory activity against purified recombinant hGLO I (IC 50 : 4.1 µM), while compound 2 showed almost no inhibitory activity against the enzyme, suggesting that the antiproliferatve activity of compound 8 was related to the inhibition of GLO I activity. Thus, we measured the MG concentration of the cell lysate and culture medium of HL-60 cells treated with either compound 8 or BBGC. The MG concentration of the cell lysate of HL-60 treated with 30 µM of compound 8 or 10 µM of BBGC was almost negligible (data not shown), whereas those in the culture medium of the cells treated with 30 µM compound 8 or 10 µM BBGC were 0.23 ± 0.02 and 0.23 ± 0.01 µM, respectively ( Figure  3 ). These data strongly suggest that compound 8 inhibits the GLO I enzyme not only in in vitro experiment using the purified enzyme, but also in HL-60 cells and that the produced MG is released into the medium rather than accumulated inside the cells.
To examine whether the cell death induced by these compounds is apoptosis, we assessed the caspase 3 activity in HL-60 cells. As shown in Figure 4 , HL-60 cells treated with either compound 8 or BBGC induced a significant increase of caspase 3 activity in a time dependent manner, reaching a maximum value at 6 h after the treatment. This indicates that compound 8 induces apoptosis in HL-60 cells.
Takasawa et al. reported that the natural flavonoids, such as myricetin, quercetin and luteolin having a framework of C-4 carbonyl and C-5 hydroxy groups in common that may mimic MG transition-state structures, were highly effective inhibitors of recombinant hGLO I with the anti-proliferative activities against growth of HL-60 cells [9, 10] . Among the natural flavonoids, myricetin showed the strongest inhibitory activity against recombinant hGLO I and also strong anti-proliferative activity against growth of HL-60 cells. They proposed that the hydroxy groups of the B-ring contribute to the inhibitory effects on the recombinant hGLO I. The isoflavones used in the present study possess a similar framework of C-4 carbonyl and C-5 hydroxy groups to that of flavonoids, though the B-ring of the isoflavone is bound at C-3 instead of C-2 of the C-ring. In our study, a unique hydroxy group of the B-ring in all the test compounds is located at the same position. In addition, a prenyl group of the B-ring of compound 8 seems to be important for its inhibitory effect against hGLO I and anti-proliferative activity against HL-60 cells when compared with the structures of compounds 8 and 6. In conclusion, the present study suggests that compound 8 may inhibit GLO I activity, followed by the production/release of MG into the medium, which will lead to the apoptosis of HL-60 cells. Compound 8 might be expected to become a potent leading compound for the development of anticancer agents.
Experimental

Materials:
The isoflavones used in the present study were isolated from stem bark of Erythrina poeppigiana (Leguminosae), as described previously [11] . BBGC, a membrane-permeable inhibitor of GLO I, was synthesized according to the methods described by Vince et al. [12] . Test compounds and BBGC were dissolved in dimethylsulfoxide (DMSO). HL-60 cells were obtained from RIKEN Cell Bank (RIKEN BioResource Center, Ibaraki, Japan). Fetal bovine serum (FBS), penicillin, and streptomycin were purchased from Invitrogen (Carlsbad, CA, USA). o-phenylenediamine (o-PD), 2-methylquinoxaline (2-MQ), and 5-methylquinoxaline (5-MQ) were purchased from SIGMA (St. Louis, MO, USA). All other chemicals were of reagent grade.
Protein assay:
The protein concentration was determined with the Bio-Rad Protein Assay Kit (Bio Rad, Hercules, CA, USA) with bovine γ-globulin as a standard. In the case of the caspase assay, the protein concentration was determined with the Micro BCA Protein Assay Kit (Pierce, Rockford, IL, USA).
Cell culture: HL-60 cells were cultured in RPMI-1640 medium (SIGMA, St. Louis, MO, USA) supplemented with 10% FBS, penicillin (100 units/mL) and streptomycin (100 μg/mL), and maintained at 37°C under a humidified atmosphere containing 5% CO 2 .
Assay of cell viability:
Cell viability was determined using the CellTiter 96 AQ ueous One Solution Cell Proliferation Assay Kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) tetrazolium compound was bioreduced to form a soluble colored formazan product. HL-60 cells were seeded at a density of 1.2 × 10 4 cells/well in a 96-well plate (BD Biosciences, Rockville, MD, USA). After preincubation for 24 h at 37°C, the cells were treated with 1-50 μM of the test compounds and further incubated for 48 h at 37°C. MTS solution was then added, and the cells were incubated for 1-3 h at 37°C. The absorbance was measured at 492 nm with Multiskan FC (Thermo Scientific, Waltham, MA, USA).
Determination of intracellular and extracellular MG:
MG in HL-60 cells and in the culture medium was measured according to the method previously described [13] , which was based on the derivatization of MG with o-PD, followed by the measurement of resulting 2-MQ with HPLC/UV. HL-60 cells were seeded at a density of 1.5 × 10 6 cells in a 6 cm dish and preincubated for 24 h at 37°C. The cells were then treated with the test compounds (final concentration: 30 μM) or BBGC (final concentration: 10 μM) as a positive control and further incubated for 24 h at 37°C. The cell pellet obtained by centrifugation was washed twice with phosphate buffered saline (PBS), resuspended in 300 µL of PBS, homogenized with sonication (Ultrasonic homogenizer VP-050, TAITEC, Saitama, Japan), and deproteinized using perchloric acid (final concentration: 0.45 M). After centrifugation, the acidic supernatant was applied to the Sep-Pak Light tC18 cartridge (Waters, Milford, MA, USA), to remove undesired hydrophobic components. Similarly, the culture medium (4.5 mL) was deproteinized by perchloric acid, and the supernatant was applied to the Sep-Pak Light tC18 cartridge. The flow-through fraction was collected and then added to o-PD (final concentration: 25 μM) and 5-MQ as an internal standard (2.5 nmol). After standing for 3.5 h at room temperature, the reaction mixture was applied to another Sep-Pak Light tC18 cartridge. After being washed with 10 mM KH 2 PO 4 (pH 2.5), 2-MQ and 5-MQ were eluted with 2 mL of acetonitrile. The eluate was concentrated with SpeedVac SPD1010 (Thermo Fisher Scientific, Waltham, MA, USA) to approximately 100 µL. The amounts of 2-MQ and 5-MQ were measured by HPLC (Jasco, Hachioji, Japan) equipped with the UV/VIS detector UV-1570 (wavelength: 315 nm, Jasco). The column used was the reversedphase Develosil C30-UG-5 (4.6 × 150 mm, 5 µm: Nomura Chemical, Aichi, Japan), and the mobile phase was 80% 10 mM KH 2 PO 4 (pH 2.5) and 20% acetonitrile.
Caspase assay:
The enzyme activities of caspase 3 were measured using the Caspase-3 Fluorometric Assay Kit (R&D Systems Inc., Minneapolis, MN, USA) according to the manufacturer's instructions. HL-60 cells were seeded at a density of 5.0 ×10 5 cells per well in a 24-well plate. After treating the cells with the test compounds for 2, 4, 6, 8 h, they were collected by centrifugation in a microcentrifuge tube and washed twice with PBS. The cell pellet was lysed with a lysis buffer of the kit, incubated on ice for 10 min, and then centrifuged. The reaction mixture consisted of cell lysate (total protein: 100 -200 μg), reaction buffer/dithiothreitol (100: 1) of the kit, and a Caspase-3 fluorogenic substrate (DEVD-AFC) at a concentration of 5%. The mixture was incubated for 1 h at 37°C. The fluorescence intensity of the product was measured in a black 96-well flat-bottomed plate (Nunc, Thermo Scientific, Waltham, MA, USA) using the Wallac 1420 ARVOsx microplate counter (excitation at 390 nm, emission at 510 nm; PerkinElmer, Waltham, MA, USA).
Statistical analysis:
The significance of differences was estimated using Student's t-test. p<0.05 was considered to be significant.
